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Abstract
We report on finding no correlation between the two strongest observed Solar flares in
September 2017 and the decay rates of 60Co, 44Ti and 137Cs sources, which are con-
tinuously measured by two independent NaI(Tl) detector setups. We test for variations
in the number of observed counts with respect to the number of expected counts over
multiple periods with timescales varying from 1 to 109 hours around the Solar flare. No
excess or deficit exceeds the 2σ global significance. We set a conservative lower limit on
the decay rate deviation over an 84 h period around the two correlated Solar flares in
September 2017 to 0.062% with 2σ confidence. A fractional change of 0.1% in the decay
rate of 54Mn over a period of 84 h was claimed with 7σ significance during multiple Solar
flares in December 2006. We exclude such an effect at 4.7σ significance.
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1. Introduction
In the past decade, various claims [1–4] have been made that the decay constants
of certain isotopes’ β-decay are influenced by Solar neutrinos. These claims from ex-
periments focus on a deficit in decay rate as a function of neutrino flux in two ways:
firstly, an annual modulation in the decay rate is claimed due to annual variation in the
Solar neutrino flux on Earth [1]. Secondly, it is claimed that neutrinos created at the
Sun’s atmosphere during a Solar flare cause a short-term deficit in the radioactive decay
rate [2]. In this article, we report limits on the size of the latter effect.
The authors of [2] observe the coincidence of a peak in X-ray flux of 3.4 · 10−4 W/m2
(classified as X3.4) as measured by the Geostationary Operational Environmental satel-
lite (GOES) [5] with a short-term decrease in the radioactive decay rate of a ∼1 µCi
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54Mn source during December 2006. In their study, the 54Mn sample was attached to
the front of 2 × 2” NaI(Tl) detector. The number of observed decays during an 84 h
period encompassing the flare was reported to be lower than the average expected decays
with 7σ significance. During the same flares as used in [2], a different setup monitored
the decay of the isotopes 90Sr, 90Y and 60Co using a Geiger-Mu¨ller counter and a 239Pu
source using a silicon detector [6]. No significant change in the radioactive decay rate
was found. Yet another study measured a 137Cs source with a HPGe detector and a
40K and a natTh source with a NaI(Tl) detector during Solar flares of strength X5.4 and
X6.9 which occurred 2011 and 2012 [7]. The number of counts was averaged over a 24 h
period and no effect was observed, allowing those authors to report a lower limit on the
fractional deviation of the decay rate to a few 0.01%.
Sunspots may appear under the influence of strong magnetic fields on the Sun’s photo-
sphere. During a Solar flare, magnetic field lines at sunspots reconnect [8, 9] and transfer
the stored magnetic energy into kinetic energy of the plasma. The heated plasma yields a
strong X-ray emission and is capable of accelerating protons and electrons up to hundreds
of MeVs. The typical timescale for a Solar flare is in the order of minutes [10]. Solar flares
are assumed to increase the Solar neutrino flux in two ways [11, 12]: a short-timescale
increase in neutrino flux, directly created during the Solar flare, and a delayed increase
in flux due to the interaction of accelerated flare particles with the Earth’s atmosphere.
However, neutrino flux experiments have not yet detected a correlation between Solar
flares and an increase in neutrino flux [13–15].
On September 6th 2017, 12:02 UTC, the GOES-13 satellite observed a peak of 9.3 ·
10−4W/m2 in X-ray flux [5, 16]. This flare was classified as an X9.3 flare. Four days
later, on September 10th, 16:06 UTC, a second X8.2 flare was observed [5, 16]. The X-ray
flux from both these flares was greater than that of the X3.4 Solar flare of December 13
2006, as well as the flares in 2011 and 2012.
In this work, we present radioactive decay data for the month of September 2017, mea-
sured at two different locations with identical and independent NaI(Tl) detectors. The
complete detector setups are discussed in detail in [17]. Each of the setups contain four
cylindrical (76×76)mm NaI(Tl) detector pairs. Three of the four detector pairs measure
the de-excitation photons after the β-decay of a radioactive isotope, while the remaining
pair monitors the radioactive background. Waveforms from each event are integrated
to reconstruct the deposited energy and a spectrum is produced. We use a fitting rou-
tine which considers a Gaussian absorption peak, together with a background spectrum
and the Compton spectrum, obtained from a Monte Carlo simulation performed with
GEANT4, to obtain the number of counts inside the full absorption peak in one-hour
bins [17].
An overview of all configurations can be found in the first three columns of table 1.
We search for an effect during the X9.3 Solar flare of September 6th on the decay rate of
a ∼0.5 kBq 60Co source, continuously measured by two independent, identical detector
setups located at Universita¨t Zu¨rich (UZH), Switzerland and at Nikhef Amsterdam, the
Netherlands. We also consider two ∼0.8 kBq sources, 44Ti and 137Cs, measured only by
the detector setup at Nikhef. For the 60Co source monitored by the UZH setup we also
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search during the second (X8.2) flare of September 10th. Other sources monitored by
the setups at UZH, Purdue University, USA and at CBPF Rio de Janeiro, Brazil [17]
are not used here since either data was not taken during the flares, the activity of the
sources was low, or the detector saturated at high energies.
2. Methodology
We correlate the two Solar flares, identified by their X-ray emission with the decay rate
of 60Co, 44Ti and 137Cs sources. Because there is no proposed mechanism determining
the size or duration of a possible effect on the decay rate, we implement three statistical
techniques. This allows us to quantify the correlation between the flares and an abrupt
variation in the sample data. We define multiple search periods around the time of
the Solar flare, with timescales between 1 and 109 hours. The flare periods are defined
as follows: the first consists of the one-hour bin coinciding with one of the two Solar
flares. From this bin, other Solar flare periods are obtained by symmetrically increasing
the time per bin. The maximum period of 109 hours is chosen in such a way that it
encompasses the reported 84 h by [2] plus one day. For every search period, we calculate
the relative deviation of the measured rates (see Section 2.1). Additionally, we calculate
the probability of measuring the observed number of counts with respect to the expected
number of counts. The first statistical technique we implement is a global significance, to
correct for simultaneous testing over multiple periods (see Section 2.2). Over the reported
period of 84 h, we then set a local lower limit on the relative deviation of the decay rate.
We can, with only the global significance technique, not exclude the hypothesis of [2].
We thus perform two additional tests specifically over the reported timescale of 84 h (see
Section 2.3). We check the normality of the data set using a Shapiro Wilk (SW) normality
test [18] and test the hypothesis claimed by [2] using a one-sided deficit test [19].
2.1. Relative deviation
To calculate a variation with respect to the expected number of counts, we first
perform an exponential fit to the observed number of decays. To prevent bias, we exclude
the maximum considered timescale of 109 hours while fitting the exponential decay,
A(t) = A0 · 2−t/t1/2 , (1)
where t is the time, A0 the observed count rate for a particular NaI(Tl) detector at t = 0
(midnight on September 1st UTC) and t1/2 the half life of the isotope. We define a
unitless relative deviation in the number of counts during the period [tf − T2 , tf + T2 ] as
∆N(T ) =
Nobs(T )− µ(T )
µ(T )
, (2)
where tf is the time of the Solar flare event, T the timescale, µ(T ) =
∫ tf+T2
tf−T2
A(t)dt and
Nobs(T ) is the summed number of observed decays in range of [tf − T2 , tf + T2 ]. This
quantity is shown in figure 2 (black dots) as function of the timescale T ∈ {1, 109}.
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2.2. Two-sided deviation limit
We perform a two-sided test [19] for variations in the number of observed counts Nobs
with respect to the number of expected counts µi for each flare period and calculate the
Poisson probability of finding a more extreme number than Nobs. The local test statistic
is defined as
q =
{
2F (Nobs, µ) if Nobs < µ
2[1− F (Nobs, µ)] if Nobs > µ ,
(3)
where F (Nobs, µ) is the cumulative distribution function (CDF) of the Poisson distribu-
tion which is approximated by the CDF of a Normal distribution Φ for
lim
Nobs→∞
(F (Nobs, µ)) ∼ Φ(µ, σ = √µ).
We correct for the Look-Elsewhere Effect [20] caused by performing tests on multiple
periods at the same time. To find the global significance, we define a new test statistic
as
q˜ = min
N
i
(qi), (4)
where qi are the local test statistics for each search period between 1 and 109 hours.
We run 30,000 toy Monte Carlo (MC) simulations, which draw points from a Poisson
distribution following the null hypothesis, i.e. exponential decay (described by equa-
tion 1). This MC runs over a total of 30,000 trials, chosen in order to get at least 2σ
confidence. Subsequently, we obtain the new test statistic (equation 4) over the same
flare timescales between 1 and 109 hours. As a result we obtain the cumulative distri-
bution function (CDF) of q˜ under the null hypothesis, and thus translate q˜ to a global
p-value. Using this new global p-value, we calculate an extreme number of observed
counts (Nobs→extreme) at a particular significance level, given the expected number of
counts µ.
The 1σ (blue) and 2σ (green) bands in figure 2 are the confidence intervals (CI) found
by transforming Nobs→extreme into a relative deviation with equation (2). If all points
are within the global CI, we conclude that over every tested timescale our data follows
exponential decay within the chosen significance level, as defined by equation (1).
We are able to set a limit with 2σ confidence on the fractional deviation in decay rate
by referencing the local test statistic. This is done by solving equation (3) for q ≈ 0.05,
given µ is equal to the observed relative deviation over a particular period.
2.3. Shapiro Wilk and one-sided deficit test
To test the normality of the data set, a Shapiro Wilk test [18] is performed on the
normalized residuals of a 84 h period around the Solar flare. It has been shown through
simulations that, for large samples, the Shapiro Wilk test is most powerful in correctly
rejecting the hypothesis for normally distributed samples [21]. If the tested sample is
consistent with a normal distribution, we conclude that any observed fluctuations are
consistent within bounds expected from statistical uncertainty.
Finally we test the hypothesis claimed by [2] that a Solar flare causes a decrease in
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Figure 1: The measured count rate for 60Co decays, presented in 4 hour bins, measured by the NaI(Tl)
detector setup at UZH (a) and Nikhef (c). The X-ray flux is also shown (e), as measured by the GOES
satellite [5] during September 2017. The X9.3 Solar flare of September 6th 2017 is coincident with the
blue bin. The data points of the 109 hour period around the flare (red) are excluded from the exponential
fit (green) which is used to determine the residuals (c and d for the UZH and Nikhef NaI(Tl) setups,
respectively). The same procedure is followed for the analysis of X8.2 Solar flare.
rate, by performing a one-sided test on the decay rate over a period of 84 h. In this
case [19], we test for the chance of finding a number of observed counts more extreme
than the observed number of counts under the null hypothesis.
3. Results
Figure 1 shows the measured decay rate of 60Co over the month of September 2017 at
UZH and at Nikhef, along with the X-ray flux including the X9.3 and X8.2 Solar flares,
as measured by the GOES-13 satellite [5]. The detector setup at Nikhef did not collect
any data due to a data storage error between September 10th, 11:37 UTC and September
11th, 10:59 UTC, which encompasses the second X8.2 Solar flare event. All data shown
is binned in four-hour periods. The normalized residuals are shown, calculated by
∆Rate =
Nobs − µ
µ
, (5)
which is equation (2) evaluated individually for every bin. There is no clear effect ob-
served in the measured decay, coinciding with the flare.
5
Figure 2 shows the relative deviation from a pure exponential for the decay rate of 60Co,
measured by the UZH and Nikhef detector setups for timescales between 1 and 109 hours
around the X9.3 flare, including the 1σ (blue) and 2σ (green) global confidence intervals.
Note that, following equation (2), all points are correlated. We conclude that all devia-
tions are inside the bounds expected from statistical uncertainty. Within 1 hour around
the Solar flare, the relative deviation observed in both setups is <0.4% and well within
the global 2σ confidence interval. The UZH setup (a) observes an insignificant deficit,
while the Nikhef setup (b) observes an insignificant excess. For both setups all points
are within the global 2σ confidence interval.
At Nikhef, a 137Cs and a 44Ti source, both of ∼0.8 kBq activity, were also monitored
during September 2017. Following the same analysis, we find no significant deviations
in those decay rates during the X9.3 flare. We follow the same analysis for the 60Co
decay rate measured at UZH during the second X8.2 Solar flare and found no significant
deviations in the decay rate. We summarize our results in table 1. We therefore conclude
that we observe no significant correlation between the decay rate and the Solar flares,
and that all measured fluctuations in this work paper are consistent with bounds from
statistical uncertainties.
From the continuously monitored slow control parameters we find that the variation
Figure 2: The result of the two-sided test for the decay of 60Co. The black line corresponds to the null
hypothesis of pure exponential decay. Every data point corresponds to a relative deviation with respect
to the expectation, calculated by equation (2), over timescales around the Solar flare ranging from 1
to 109 hours for the UZH (a) and Nikhef data (b). The global 1σ (blue), global 2σ (green) and local
2σ (red dashed) significance intervals are also included. The red data point denotes the effect reported
by [2].
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Table 1: Results of correlation of the decay rates of 60Co, 137Cs and 44Ti and both Solar flares, measured
by two different setups. The SW test, 2σ limit and the one-sided test were all performed on a period of
84 h.
Isotope Flare classi- Setup 2σ Lower Limit SW test One-sided test
fication (%) p-value p-value
60Co X9.3 Zurich −0.019 0.2 0.97
60Co X9.3 Nikhef −0.062 0.5 0.54
137Cs X9.3 Nikhef −0.033 0.08 0.40
44Ti X9.3 Nikhef −0.009 0.005 0.86
60Co X8.2 Zurich −0.046 0.5 0.71
of the temperature, PMT high voltage, magnetic field strength and radon activity are
within operating range as defined by table 4 in [17]. We therefore conclude that sys-
tematic influences due to slow control parameters remain <2 · 10−5. The pressure and
humidity were also monitored and remained stable during the full measurement period
with 0.8% and 17% at the 68% CL for both setups, respectively.
Table 1 summarizes the results of this study for each isotope. The lower limits, the
p-values of the SW test and p-values of the one-sided deficit test are presented for every
monitored isotope over a period of 84 h. The SW test p-values (column 5) are >0.005.
The lowest p-value of 0.005 is found due to an outlier within the tested period. Despite
the outlier, the p-values from the one-sided deficit test (column 6) are >0.4. From these
p-values we conclude that for a period of 84 h around the Solar flare, the distribution
of the measured decay rate is consistent with a normal distribution and that we find no
significant deficit with respect to the expectation.
Before we set a limit using the local test statistic (equation 3) and exclude the claimed
hypothesis by [2], we correct the distribution of the test statistic q for fitting over a finite
number of data points. Without this correction, one would assume q to be distributed as
q ∼ N (µ,√µ) and therefore underestimate the width of this distribution. The correction
is calculated by performing a fit on MC generated datasets, assuming the null hypothesis,
(see Section 2.2) with the same number of data points as in the analysis of our measured
data (presented in figure 1). The weakest, and thus most conservative, exclusion and
limit are found for the decay of 60Co, measured by the setup at Nikhef (figure 2 (b))
during the X9.3 flare. We exclude the hypothesis of [2] with 4.7σ confidence and set a
lower limit on the deficit in decay rate to 0.062% with 2σ confidence. The lower limits
of the other measured isotopes are listed in column four in table 1.
4. Conclusion
We find no evidence for a deficit or excess in the decay rate of three measured ra-
dioactive isotopes during periods of Solar flare activity. A decrease in decay rate similar
to the one reported by [2] is not found in either of our setups for 60Co, 137Cs and 44Ti
decays during two different Solar flares. We exclude the hypothesis reported by [2] at
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4.7σ confidence and set a lower limit with 2σ confidence on the deficit in decay rate for
a period of 84 h level at 0.062%, which is ∼ 2 times smaller than the reported effect of
∼ 0.1% [2]. These results are consistent with findings of [7], who also do not observe
a fractional effect larger than a few 0.01% in the decay rate over a tested period of 24
hours.
Acknowledgements
We are grateful for the support of the Purdue Research Foundation, the Netherlands
Organization for Scientific Research (NWO), the University of Zurich, the Swiss National
Science Foundation under Grant Nos. 200020-162501 and the Foundation for Research
Support of the State of Rio de Janeiro (FAPERJ).
References
References
[1] J. H. Jenkins, E. Fischbach, J. B. Buncher, J. T. Gruenwald, D. E. Krause and J. J. Mattes,
Evidence of correlations between nuclear decay rates and Earth-Sun distance, Astropart. Phys. 32
(2009) 42 [arXiv:0808.3283].
[2] J. H. Jenkins and E. Fischbach, Perturbation of nuclear decay rates during the solar flare of 2006
December 13,Astropart. Phys 31 (2009) 407 [DOI:10.1016/j.astropartphys.2009.04.005].
[3] J. H. Jenkins, E. Fischbach, D. Javorsek, II, R. H. Lee and P. A. Sturrock, Concerning the Time
Dependence of the Decay Rate of 137Cs, ArXiv e-prints (2012) [arXiv:1211.2138].
[4] D. O’Keefe, B. L. Morreale, R. H. Lee, J. B. Buncher, J. H. Jenkins, E. Fischbach et al., Spectral
content of 22Na/44Ti decay data: implications for a solar influence, APSS 344 (2013) 297
[arXiv:1212.2198].
[5] NCEI / Solar-Terrestial Physics https://satdat.ngdc.noaa.gov/sem/goes/data/.
[6] A. G. Parkhomov, Effect of radioactivity decrease. Is there a link with solar flares?, ArXiv
e-prints (2010) [arXiv:1006.2295].
[7] E. Bellotti, C. Broggini, G. D. Carlo, M. Laubenstein and R. Menegazzo, Search for correlations
between solar flares and decay rate of radioactive nuclei, Phys.Lett. B720 (2013) 116
[arXiv:1302.0970].
[8] B. C. Low and R. Wolfson, Spontaneous formation of electric current sheets and the origin of
solar flares, Astrophys. J. 324 (1988) 574 [DOI:10.1086/165918].
[9] A. L. Wilmoth-Smith, E. R. Priest and G. Horning, Magnetic diffusion and the motion of field
lines, Geophys. Astrophys. Fluid Dynamics 99 (2005) 177 [DOI:10.1080/03091920500044808].
[10] Royal Observatory of Belgium/Solar-Terrestrial Centre of Excellence, The duration of solar flares,
http://www.stce.be/news/332/welcome.html.
[11] J. N. Bahcall, Solar flares and neutrino detectors, Phys. Rev. Lett. 61 (1988) 2650
[DOI:10.1103/physrevlett.61.2650].
[12] D. Fargion, Detecting solar neutrino flares and flavors, JHEP 6 (2004) 45
[arXiv:hep-ph/0312011v3].
[13] K. S. Hirata et al., Search for correlation of neutrino events with solar flares in Kamiokande,
Phys. Rev. Lett. 61 (1988) 2653 [DOI:10.1103/physrevlett.61.2653].
[14] G. de Wasseige, Search for GeV neutrinos from Solar Flares with the IceCube neutrino obsivatory
Master’s thesis, Universite´ Libre de Bruxelles (2014).
[15] SNO Collaboration, Aharmim et al. A Search for Astrophysical Burst Signals at the Sudbury
Neutrino Observatory, Astropart. Phys. 55 (2014) 1, [arXiV:1309.0910].
[16] NOAA / NWS Space Weather Prediction Center https://www.swpc.noaa.gov/.
[17] J.R. Angevaare et al., A precision Experiment to Investigate Long-Lived Radioactive Decays
ArXiv e-prints (2018), [arXiv:1804.02765].
[18] S. S. Shapiro and M. B. WILK, An analysis of variance test for normality (complete samples),
Biometrica 52 (1965) 591 [DOI:10.1093/biomet/52.3-4.591].
8
[19] D. P. Pillemer, One- Versus Two-Tailed Hypothesis Tests in Contemporary Educational Research,
Educational Researcher 20 (1991) 13 [DOI:10.3102/0013189X020009013].
[20] L. Lyons, Open statistical issues in Particle Physics, Ann. App. Stat. 2 (2008) 887
[DOI:10.1214/08-aoas163].
[21] N. Mohd Razali and Y. Bee Wah Power Comparisons of Shapiro Wilk, Kolmogorov Smirnov,
Lilliefors and Anderson-Darling Tests, J. Stat. Model. Analytics 2 (2011) 21
[ISBN:978-967-363-157-5].
9
